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Abstract 
Hot forging/Superplastic forming is widely used to produce high strength, defect free, homogeneous and complex shaped 
aerospace/automobile products. Deformation temperature and strain rate have significant effect on the mechanical properties of 
these products. The main purpose of this paper is to investigate the influence of deformation parameters such as temperature and 
strain rate on flow behaviour of Ti-6Al-4V, which is the most commonly used Titanium alloy for aerospace applications. Flow 
behaviour of Ti -6Al-4V has been investigated under uni-axial isothermal compressions. Flow curves of uni-axial isothermal 
compressions were analysed to determine the optimum strain-rate and temperature combination by using Taguchi method and 
analysis of variance. Softening parameter, which is the ratio of initial or maximum flow stress (σi) to steady state flow stress (σs), 
has been calculated at different strain rates and temperatures. Higher softening parameter implies better grain refinement. Grain 
refinement is one of the pre-requisites for superplastic forming. The optimum deformation parameter combination was obtained 
by analysis of signal to noise ratio. The analysis of experimental results revealed that strain rate was the most influential factor 
than temperature on the softening parameter. The optimum results of the softening parameter were obtained at intermediate 
temperature and strain rates. 
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1. Introduction 
Titanium and its alloys are important materials for aerospace, energy, and chemical processing industries. Ti-alloy, 
Ti-6Al-4V, α+β alloy is attractive to designers because of its high specific strength and stiffness, good formability, 
reasonable ductility and ability to withstand high temperatures and resistance to corrosion. Because of these 
properties this alloy is widely used in aero engines, gas turbines, biomaterial industry, and other weight critical 
applications; Katou M et.al.(2007); Charles C et.al.(2007) ; Charles C et.al.(2008) ; Moisevey VN (2006).  
Deformation at high temperatures in different actual industrial processes such as hot forging or rolling is extensively 
used for both semi-finished and finished products of this alloy; Baufeld B et.al, (2009a,b, 2010). It is generally 
accepted that process variables such as grain-size morphology of secondary phase, strain-rate and temperature have 
great influence on microstructure and mechanical properties of the product formed; Vijayshankar MN et.al, (1990) 
Zhang XZ et.al, (2011). One of the major challenges of modern material science is to understand plastic flow in 
detail, microstructure development and texture evolution during deformation processing of metallic materials 
Seimiatin SL et.al, (2001); Sellars CM et.al, (2000); Doherty RD et.al, (1997). In primary hot working of Ti-6Al-4V 
alloy, the conversion of as-cast large grain structure to a fine grain two-phase microstructure is an important 
technological process that leads to high formable microstructure suitable for secondary hot working processes such 
as forging or Superplastic forming.  Hot forging/Superplastic forming is widely used to produce defect free, 
homogeneous and complex shaped aerospace products. Yong Niu et.al, (2010) studied the high-temperature 
deformation behaviour of this alloy without and with hydrogenation content.  Wexin Yu et.al, (2012) recently 
presented the effect of strain rate variation on microstructure in isothermal compression of Ti-6Al-4V alloy. 
Cappetti.N.et.al, (2010) presented a method for setting variables in Super Plastic Forming process of Al 5083 
aluminum alloy and explained how main superplastic forming process variables influence the finished product. 
There is no evidence in the available literature about the study of the effect of strain rate and temperature on flow 
behavior of Ti-6Al-4V using Taguchi method. The main objective of the present work is to investigate the effect of 
strain rate and temperature on flow behaviour of Ti-6Al-4V using Taguchi method. ANNOVA is used to obtain 
optimum combination of strain rate and temperature for the forging of Ti-6Al-4V. The analysis of experiment 
results is carried out using main effect and interaction effect graphs. 
2. Materials and methods 
2.1.  Means and Materials  
Hot compression tests were conducted for Ti-6Al-4V alloy on a floor type compression-testing machine (DARTEC, 
UK make), as shown in figure1. at different temperatures and stain rates to study the flow behaviour of the material 
under uni-axial isothermal compressions. The nominal composition of Ti-6Al-4V alloy is mentioned in Table.1. Ti-
6Al-4V samples of 10mm diameter and 15 mm height were compressed at various temperatures 1023, 1073, 1123 
and 1173K with strain rates 0.001, 0.01, 0.1 and 1s-1. The compression rams were made from special heat resistant 
Nickel base super alloys. Thermocouples were placed very near to the sample to monitor the temperature. Strain 
rates were kept constant by a programmable controlled change of velocity of the ram with deformation. For high 
velocity test, a high-pressure accumulator was used to generate maximum velocity up to 3m/s. The samples were 
compressed to a true strain of 2.0 approximately.  All the samples were initially coated with glass-based slurry to 
prevent oxidation. Flow curves for each temperature-strain rate combinations were evaluated to determine optimum 
strain rate and temperature combination for better softening parameter which is an index of grain refinement.  
 
Table1. Nominal composition (Weight %) of Ti-6Al-4V 
 
 
 
C N H O Fe Al V Ti 
0.10 0.05 0.015 0.2 0.4 6.15 4.02 Bal(~88) 
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Fig.1. Experimental setup (DARTEC) 
 
2.2. Softening parameter and its calculation  
In order to analyse the experimental stress-strain curves, softening parameter ‘S’, which is the ratio of initial or 
maximum flow stress ‘σi’ to steady state flow stress ‘σs’ has been introduced (S= σi / σs). ‘S’ is an indirect indicator 
of microstructure; it is expected that higher the value of ‘S’ the more refined/equi-axed the resultant microstructure 
be. On the other hand, lower ‘S’ indicates strain enhanced grain coarsening. 
2.3. Taguchi method and experimental design   
The traditional experimental design methods require a large number of experiments, when the number of process 
parameters increases and hence are too complicated and difficult to use; Bagci, E et.al, (2006); Rosa J.L et.al, 
(2009). In order to minimize the number of tests required, the Taguchi experimental design method, a powerful tool 
for designing high quality systems, was developed by Taguchi. This method uses a special design of orthogonal 
arrays to study the entire parameter space with a small number of experiments. Results of these experiments are 
transformed in to a signal-to-noise ratio to measure the deviation of quality characteristics  from the desired values, 
a greater S/N ratio corresponds to better quality characteristics; Douglas C et.al, (2000). Main objectives that can be 
achieved through Taguchi method are; (1) determination of optimal parameters for a process or a product; (2) 
estimation of the contribution of each design parameter to the quality characteristics and hence the determination of 
the most influential factor; Mohan N.S et.al. (2007). In the present study, two deformation  parameters were used as 
control factors and each parameter was designed to have four levels, denoted 1, 2, 3 and 4(Table 2). The 
experimental design was according to an L16 array based on Taguchi method (Table 3).  Minitab software was used 
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for Taguchi analysis. Using Analysis of Variance (ANOVA), the effect of input parameters on flow behaviour was 
studied. 
 
Table.2. Input Parameters and Levels 
Parameter Level 1 Level 2 Level 3 Level 4 
Temperature, K 1023 1073 1123 1173 
Strain rate, s-1 0.001 0.01 0.1 1 
 
Table3. Experimental Design Taguchi L16 
Experiment No. Temperature  Strain rate 
1 1 1 
2 1 2 
3 1 3 
4 1 4 
5 2 1 
6 2 2 
7 2 3 
8 2 4 
9 3 1 
10 3 2 
11 3 3 
12 3 4 
13 4 1 
14 4 2 
15 4 3 
16 4 4 
 
3. Results and discussions. 
The flow curves for Ti-6Al-4V at different temperatures 1023, 1073, 1123 and 1173K and strain rates 100, 10-1, 10-2 
and 10-3 s-1 are shown in Fig. 2(a), (b), (c) and (d). Flow stresses at 1023K at a strain-rate of 100s-1 are very high 
initially and dropped abruptly due to dynamic recrystallization. This trend was observed at all other strain rates. 
Flow stresses gradually decreased with the decrease in strain rates. Similar behaviour was observed at all the other 
temperatures 1073, 1123 and 1173K. It was observed that, flow stresses decreased with increase in temperatures; 
this could be due to softening of the material at elevated temperatures. This was in consistent with the predictions of 
Seshacharyulu et.al, (2002) and Majorell et al, (2002) that the flow stresses increase with strain-rate and decrease 
with temperature. It was also observed that stress-strain curves exhibited a peak stress at low strain and a regime of 
noticeable steady state flow stress at large strains. In order to analyse the experimental stress-strain curves, softening 
parameter ‘S’, which is the ratio of initial or maximum flow stress ‘σi’ to steady state flow stress ‘σs’ has been 
introduced. ‘S’ is an indirect indicator of microstructure.  σi ,  σs and the calculated ‘S’ data at various temperatures 
and strain rates are given in Table.4. Softening parameter generally increases with strain-rate and decreases with 
temperature. But in the present investigation, it was observed that, ‘S’ behavior at the temperature 1023K is 
apparently anomalous and erratic; this happens due to non-availability of steady state region at this temperature and 
most  likely due to un-recrystallized,  secondary hardened microstructure which generally happens at low 
temperatures.  
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Fig.2. Flow curves of Ti-6Al-4V at   temperatures (a) 1023 (b) 1073 (c) 1123 (d) 1173K 
Table.4 .Experimental Results 
Exp.no. Temperature, K Strain rate, s-1 σi 
(MPa) 
σs 
(MPa) 
Softening 
parameter 
(σi/σs)) 
Coded Actual Coded Actual 
1 1 1023 1     0.001 48.8    16.2 3.01 
2 1 1023 2     0.01          80   31.2 2.56 
3 1 1023 3     0.1 101   33.8 2.99 
4 1 1023 4     1 329   87.5 3.76 
5 2 1073 1     0.001 21.8 14          1.5 
6 2 1073 2     0.01 37.2 14 2.6 
7 2 1073 3     0.1 108     21.7 4.9 
8 2 1073 4     1 115     25.5 4.5 
9 3 1123 1     0.001      35.4    28.2  1.25 
10 3 1123 2     0.01     43.6     10.5  4.15 
11 3 1123 3     0.1      64.9     19.9  3.26 
12 3 1123 4     1      77.8     22.3  3.48 
13 4 1173 1     0.001      20.6    13.8  1.49 
14 4 1173 2     0.01  24        5.83  4.12 
15 4 1173 3     0.1      37.7      10.4  3.62 
16 4 1173 4     1       69.7          23  3.03 
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In the Taguchi method, S/N ratio is the measure of quality characteristics and deviation from the desired value. By 
applying the equation given below, the S/N values for each experiment of L16 (Table 4) was calculated and is 
shown in Table 5.  Based on the results of the S /N ratio, the optimum strain rate and temperature obtained are 
0.1and 1073K respectively. The signal-to-noise ratios were calculated using the condition: larger is better.  
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From the table.5, it can be observed that the softening parameter is increasing with the strain rate and decreasing 
with the temperatures at all the temperatures except at the temperature 1023K, this may be due to non-availability of 
steady state region at this temperature and most likely due to un-recrystallized, secondary work hardened 
microstructure as mentioned earlier. Trend is consistent at intermediate temperatures 1073 and 1123K and strain 
rates 0.01 and 0.1s-1. Moreover higher strain rates need heavier capacity equipment to process the material and low 
strain rate need longer processing time. To understand the influence of each parameter on the deformation behaviour 
main effect plots are drawn as shown in figure 3. The interaction between the process parameters is shown in figure 
.4. 
Table5. S/N Response table for softening parameter 
Experiment. 
No. 
Temperature, K Strain rate, s-1 Softening parameter S/N Ratio 
1 1023 0.001 3.01   9.5713 
2 1023               0.01 2.56   8.1648 
3 1023               0.1 2.99   9.5134 
4 1023               1 3.76 11.504 
5 1073 0.001 1.5   3.5218 
6 1073               0.01 2.6   8.2995 
7 1073               0.1 4.9 13.804 
8 1073               1 4.5 13.064 
9 1123 0.001 1.25       1.9382 
10 1123               0.01 4.15  12.361 
11 1123               0.1 3.26  10.264 
12 1123               1 3.48  10.832 
13 1173             0.001 1.49      3.4637 
14 1173               0.01 4.12  12.298 
15 1173               0.1 3.62  11.174 
16 1173               1 3.03     9.6289 
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Fig.3. Main effect plot for SN ratios and means 
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Fig.4. Interaction plot for means 
From the main effect plot for S/N ratio, it can be observed that ‘S’ is decreasing with increase in temperature and 
increasing with increase in strain rate. From the main effect plot for the means, it is seen that the value of ‘S’ 
increases with strain rate but decreases with temperature in most cases, the behaviour is somewhat erratic at low 
temperature1023K and high strain rate 1s-1.The mean value of ‘S’ at the temperature 1023K is lower as compared to 
that at a temperature 1073K. Similarly the mean value of ‘S’ at the strain rate 1s-1  is little lower as compared to that 
at a strain rate of 0.1s-1 This may be due to non-availability of steady state region at this temperature, most  likely 
due to un-recrystallised and work hardened micro structure. Generally work hardening takes place at low 
temperatures and high strain rates.  In the temperature range 1073-1173K softening parameter gradually decreases as 
the temperature increases. It is also noticed that softening parameter increases with the increase in strain rate, which 
indicates that faster deformation softens the material. 
 
From the interaction plot for the means, it can be observed that the optimum combination for higher softening 
parameter is temperature at level 2(1073K) and the strain rate at level 3 (0.1s-1). It looks somewhat contradictory to 
the above statement that softening parameter increases with strain rate but decreases with temperature by which the 
optimum parameters should be temperature at level1 (1023K) and strain rate level 4(1s-1).  The reason for this may 
be that too low a temperature may result in un-recrysrallised microstructure and high strain rate may cause work 
hardening microstructure. On the other hand high temperature (level4) and slow strain (level1) may cause the 
recrysrallised- grain growth which may also cause the lowering of the softening parameter. The optimum values lie 
in intermediate levels i.e., temperature at level 2(1073K) and the strain rate level 3 (0.1s-1). The other combination 
temperature at level 3(1123K) and the strain rate level 2 (0.01s-1) also have relatively higher value of “S”. Overall 
we can say that temperature in the range of 1073-1123 and strain rate in the range of 0.01-0.1are the optimum values 
for the deformation of Ti-6Al-4V alloy. Table 6 and table7 describe the ANOVA for S/N ratio and variance for 
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means respectively. Table 8 and table 9 describe the response for S/N ratio and for means respectively.  
 
Table.6 .Analysis of variance for S/N ratio 
Source           DF      Seq SS       Adj SS       Adj MS F P 
Temperature 3 2.050 2.050 0.6835 0.09 0.962        
  Strain rate 3 120.888 120.888 40.2959 5.52 0.020 
  Error 9 65.659 65.659 7.2954   
  Total             15 188.597     
 
Table.7.Analysis of variance for means 
Source           DF                   Seq SS     Adj SS    Adj MS F P 
 Temperature 3 0.3019 0.3019 0.1006      0.12 0.944        
 Strain rate 3 9.6803 9.6803 3.2268 3.95 0.047 
 Error 9 7.3540 7.3540 0.8171   
 Total 15 17.3362     
 
Table.8. Response table for S/N ratio 
Level Temperature Strain rate 
1 9.688 4.624 
2 9.672 10.281 
3 8.849 11.189 
4 9.141 11.257 
Delta 0.840 6.633 
Rank 2                           1 
 
Table.9.Response table for means 
Level Temperature Strain rate 
1 3.080 1.813 
2 3.375 3.357 
3 3.035 3.692 
4 3.065 3.692 
Delta 0.340 1.880 
Rank                  2                     1 
 
From the Tables 8 and 9, it is seen that the delta value for strain rate is more than that for temperature. The rank for 
strain rate is 1 and that for temperature is 2. Similar inference can be drawn from tables 6 and 7 (F value larger for 
strain rate) it is clear that strain rate affects the softening parameter more than the temperature. Thus from the level 4 
experiments it is clear that for the deformation of Ti-6Al-4V, the optimum values of input parameters are strain rate 
of 0.1s-1 and temperature of 1073K and analysis of results also revealed that strain rate is more influential factor on 
deformation behaviour. 
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4. Conclusion 
This paper has presented an application of the Taguchi method for the deformation behaviour of Ti-6Al-4V alloy. 
The conclusions of this present study are: 
¾ The analysis of experimental results is carried out using Taguchi’s orthogonal array and analysis of 
variance. The level of the best combination of strain rate and temperature on softening parameter is 
determined by using ANOVA. 
¾  Softening parameter ‘S’ is decreasing with the temperature and increasing with the strain rate. 
¾ Mean value of Softening parameter is increasing with the strain rate and decreasing with the temperature 
except at  the temperature 1023K  
¾ From the main effect plot for the means, it is seen that the value of ‘S’ increases with strain rate but 
decreases with temperature in most of the cases, the behavior is somewhat erratic at low temperature1023K 
and high strain rate 1s-1. 
¾ This may be due to non-availability of steady state region at this temperature, most likely due to un-
recrysrallised and work hardened microstructure. Generally work hardening takes place at low 
temperatures and high strain rates.   
¾ Based on the S/N, optimum parameters for higher softening parameter is, temperature at level 2 (1073K) 
and the strain rate at level 3 (0.1s-1). 
¾ The results of ANOVA revealed that strain rate is the main parameter, which has greater influence on the 
softening parameter than the temperature. 
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